of the Caribbean Low Level Jet and the meridional sea surface temperature (SST) gradient across the Caribbean basin (i.e. colder-than-average SST in the southern Caribbean sea is associated with increased easterlies and belowaverage rainfall in Haiti). This coupling is triggered when the warmest Caribbean waters move northward toward the Gulf of Mexico; (4) in October/November, a drier-(or wetter-) than-usual rainy season is related to an almost closed anticyclonic (or cyclonic) anomaly located ENE of Haiti on the SW edge of the Azores high. This suggests a main control of the interannual variations of rainfall by intensity, track and/or recurrence of tropical depressions traveling northeast of Haiti. During this period, the teleconnection of Haitian rainfall with synchronous Atlantic and Eastern Pacific SST is at a minimum.
Introduction
The rainfall variability in the tropics is frequently analyzed using a gridded dataset merging information from conventional stations with satellite estimates. This spatial smoothing is an advantage to reveal large-scale features as well as global teleconnections associated with the El Niño Southern Oscillation (ENSO) phenomenon, but it could also hide smaller-scale variations (Jury 2009a) . This is especially true over rugged islands, and could be critical for socioeconomic impacts of climate variability, particularly those associated with extreme events. Scale interaction is common for tropical islands whose complex topography is combined with surrounding warm sea surface temperatures (SST). There are multiple sources of convective instability,
Abstract
The interannual variability of annual and monthly rainfall in Haiti is examined from a database of 78 rain gauges in . The spatial coherence of annual rainfall is rather low, which is partly due to Haiti's rugged landscape, complex shoreline, and surrounding warm waters (mean sea surface temperatures >27 °C from May to December). The interannual variation of monthly rainfall is mostly shaped by the intensity of the low-level winds across the Caribbean Sea, leading to a drier-(or wetter-) than-average rainy season associated with easterly (or westerly) anomalies, increasing (or decreasing) winds. The varying speed of low-level easterlies across the Caribbean basin may reflect at least four different processes during the year: (1) an anomalous trough/ridge over the western edge of the Azores high from December to February, peaking in January; (2) a zonal pressure gradient between Eastern Pacific and the tropical Northern Atlantic from May/June to September, with a peak in August (i.e. lower-than-average rainfall in Haiti is associated with positive sea level pressure anomalies over the tropical North Atlantic and negative sea level pressure anomalies over the Eastern Pacific); (3) a local ocean-atmosphere coupling between the speed creating sharp small-scale rainfall variations relevant to impact studies. Our main goal is to analyze such smallscale variations on an understudied country in the Caribbean basin, Haiti.
The Caribbean Sea, Gulf of Mexico and Western Tropical Atlantic are usually considered as the Atlantic "warm pool" in boreal summer and fall (Wang et al. 2006; Wang and Lee 2007) . The Caribbean Sea is located between 11°-12°N and 19°-23°N and bordered by the horseshoe chain of small leeward islands immediately north of South America, the windward Antilles, and the larger islands of Puerto Rico, Hispaniola, Jamaica and Cuba. The regional-scale annual cycle of rainfall is mostly dictated by the latitudinal and longitudinal shifts of the north Atlantic subtropical high (i.e. Azores high), the intensity of trade winds on its equator ward edge, as well as the annual cycle of SSTs. The rainy season ranges from April to November with two peaks in May-June and September-November (Magana et al. 1999; Gaucherel 2002; Taylor et al. 2002; Wang 2007; Curtis and Gamble 2008; Angeles et al. 2010) . The relative decrease in rainfall around July is referred as the "mid-summer" drought (MSD) and is usually associated with a strengthening of the Azores high, the intensification of trade winds, and strong vertical wind shear (Inoue et al. 2002; Wang 2007; Curtis and Gamble 2008; Whyte et al. 2008) in the lower tropospheric levels.
At the seasonal time scale, the rainy period is usually separated into an early (May-July) and late (AugustNovember) season Taylor et al. 2002; Ashby et al. 2005; Wang 2007 ). This marks the decreasing influence of the Tropical North Atlantic upon boreal spring, while the equatorial Pacific and Atlantic SST's influence increases from boreal summer to autumn (e.g., Enfield and Alfaro 1999; Giannini et al. 2000 Giannini et al. , 2001 Taylor et al. 2002; Spence et al. 2004) . Warm ENSO events are associated with anomalously dry conditions during the later Caribbean rainfall season. There is also a delayed impact with declining warm ENSO events in boreal spring related to anomalously wet conditions over the Caribbean Jury et al. 2007; Stephenson et al. 2008) . The intensity of the relationship between the tropical Pacific and Caribbean basin may also be modulated by central and eastern Pacific ENSO events (Gouirand et al. 2014) .
In this paper, we detail the interannual variability of rainfall in Haiti during the twentieth century from a rich dataset of 78 rain gauges. Haiti is located on the western half of the island of Hispaniola, around 72°W, 19°N. Hispaniola is the second-largest Caribbean island by area (76,500 sq. kilometers) and contains the highest peaks in the Caribbean basin (Pico Duarte, Dominican Republic at 3,098 m above sea level). Haiti is shaped like a horseshoe with latitudinal peninsulas to the north and south. Its rugged topography may create a complex pattern of land/mountain breezes among the regional easterlies. Warm SSTs also favor the smallscale convection when the large-scale subsidence is weak. The small-scale variations in mean annual rainfall were noted in early papers (Fassig 1929; Alpert 1941) , but these analyses were derived from fewer stations over <20 years. We revisited the spatio-temporal variability of rainfall at annual and monthly time scales by concatenating three different databases. The rainfall data are presented in Sect. 2, the results are in Sect. 3, and the discussion and conclusion are in Sect. 4.
Data

Rainfall
The monthly rainfall comes from three different sources:
(1) the CNIGS (Centre National de l'Information Géo-Spatiale-National Center for Geospatial Information) database with 162 rain gauges; (2) the CHEMONICS database with 109 rain gauges and (3) the CNSA (Coordination Nationale pour la Sécurité Alimentaire-National Committee for Food Security) database with 14 rain gauges. The available period extends from January 1863 (the opening of the Port-au-Prince station) to December 2006, but fewer than 4 rain gauges were operating in the nineteenth century. The three datasets are not well documented (74, 82 and 69 % of entries are missing for CNIGS, CHEMON-ICS and CNSA, respectively, between 1905 and 2005) and a lot of rain gauges record only 1 or 2 years. A first step was to concatenate the three databases by removing or correcting double or triple records of the same rain gauges. Several months also had duplicate rainfall measurements, especially in CHEMONICS database, and we verified these against the other databases to ensure that the last record was correct. Several rain gauges were also removed due to missing exact localization and/or name of the rain gauges. 156 rain gauges (the dots on Fig. 1a) were thus retained.
The initial cross-correlation (computed on pairs of rain gauges present in at least 2 data bases), spatially averaged, equals 0.91 (standard deviation [SD] across the pairs = 0.16), 0.91 (SD = 0.11) and 0.92 (SD = 0.06), for the 10 CNSA-CNIGS, 83 CHEMONICS-CNIGS, and 12 CHEMONICS-CNSA common rain gauges, respectively. Scatter diagrams for the same station (not shown) revealed that a lot of (usually consecutive) months have no recorded precipitation, especially in the CHEMONICS database. These zero readings are questionable when they occur outside the driest seasonal months between December and March. 20.1 % of readings are null in CHEMONICS (vs. 5.6 % in CNIGS and 2.7 % in CNSA). We decided to systematically crosscheck these zeroes in one of the database and replace them with any available positive value in another database. Of course, we cannot correct these dubious zeroes when only one database is available. When two or three different positive readings occurred for the same month and station, we used the average as the most accurate estimate of the observations. After this crosscheck, the cross-correlation, again computed on common rain gauges, spatially averaged equals 0.92 (SD = 0.16), 0.96 (SD = 0.07) and 0.97 (SD = 0.03) on the CNSA-CNIGS, CHEMONICS-CNIGS, and CHEMONICS-CNSA shared gauges, respectively.
The spatial coverage is very dense around Port-auPrince (Fig. 1a) . The sampling increases in 1905, again in the early 1920s, corresponding to the American colonial era, and after a nearly 40-year plateau, decreases gradually in the late 1960s. We selected a subset of 78 stations (the red dots in Fig. 1a ) covering at least 20 years between 1922 and 1968, so that a reliable climatological mean could be computed, even if it corresponds to a multi-decadal trend that was wetter than the twentieth century mean (see Sect. 3.2 and Fig. 6b, c) . More than 80 % of the 78 stations operated during this 47-year period. At present, the spatial sampling is heterogeneous and is more sparse at the extremities of the northern and southern peninsulas, and at the highest mountain ranges in the south (Massif de la Hotte and Chaine de la Selle, Fig. 1a ).
Other data
The monthly sea level pressure (SLP) and 950 hPa winds have been extracted from the twentieth century reanalyses (Compo et al. 2011 ) and monthly SST come from the ERSSTv3 dataset (Kaplan et al. 1998 ).
Results
Climatological rainfall
The final mean is computed using monthly data from 1922 to 1968 (Fig. 2) . We made no attempt to fill the missing entries. As expected for mountainous tropical islands, rainfall variations are very large (between 509 and 2,434 mm), and we likely did not efficiently sample the wettest part of the country. Daly et al. (2003) found a comparable range between 850 and 4,500 mm/year in Puerto Rico, which is more exposed to easterlies, and thus wetter in mean, than Haiti. The 1922-1968 climatological mean is probably an upper limit of the current true long-term climatological mean, since available data samples the wet decades in the 1930s and 50s (see Sect. 3.2). The spatial rainfall gradient is particularly steep between the NE-facing windward slopes of Massif du Nord and the leeward Artibonite depression near Gonaïves (Fig. 2) . In Haiti, the spatial gradient is more complex than a simple windward-leeward effect as in Puerto Rico (Daly et al. 2003) . This is probably due to the complicated shape of the island, promoting sea and mountain breezes superimposed on the dominant easterlies. The driest areas are leeward of E-NE winds either on the northern Peninsula, in the valley of the Artibonite (NW-SE axis from Gonaïves), or in the E-W talweg (cul-de-sac) from Port-au-Prince between the Chaîne de la Selle and the Chaîne du trou d'eau. The wettest sectors are windward of the Massif du Nord (SW of Cap Haitien), but this orographic effect is also seen windward in the center of the country. The southern peninsula is particularly wet, especially the SE-facing slopes of the Massif de la Hotte (Fig. 2) . It is probable that mountain and sea breezes are well promoted on the narrow and long southern Peninsula while this effect seems absent over the shorter and flatter northern Peninsula (W of Port-de-Paix), which is leeward of the Massif du Nord (Fig. 2) .
The mean annual rainfall cycle is summarized using a dynamical clustering (k-means). The mean monthly amounts ( Fig. 3) are standardized using the overall monthly mean (i.e. across stations and months, at 115.3 mm) as a reference to differentiate between wet and dry stations. The classifiability index (Michelangeli et al. 1995) measures the similarity between classifications initialized from random seeds, equaling one when the clustering is fully independent to random seeds, and zero when different random seeds lead to different solutions. The index is over 0.99 for the 2-and 4-clusters (not shown). The 4-cluster solution (Fig. 4) shows the rainfall averaged over the stations belonging to one cluster (with ± one standard deviation across these stations). Three (clusters 1-3) out of four clusters show similar annual cycles with two maxima in May and September-October separated by the relative MSD, and an absolute minimum in 4) . This bimodal annual cycle is typical in the interior Caribbean basin from the eastern provinces between Cuba and Puerto Rico, all the way to NW South America (Giannini et al. 2000) . The difference among these three clusters is thus associated with the mean rainfall: the driest stations are mostly located in the northern peninsula, the NE plains, the leeward western coast, Artibonite plain, and the Cul-deSac depression, and finally the two southern rain gauges leeward of Massif de la Selle. The last cluster (cluster 4 on Fig. 4 ) is located windward of N-NE winds in the North and at Jérémie on the northern coast of the southern peninsula. There are still two peaks in rainfall but the second is stronger than the first, and delayed in November. Here, July is the driest month, with consistent rainfall from December to February (Fig. 4) . Broadly, a late-fall peak is enhanced along the northeast-facing coasts of the Antilles (Giannini et al. 2000) .
The annual cycle reflects the interaction between smallscale fixed factors and large-scale ocean-atmosphere variations. For instance, the permanent Azores high leads to constant easterlies across the Eastern Caribbean islands (including Haiti) all year round and peaks at the southern edges of Caribbean Sea, forming the Caribbean Low Level Jet (CLLJ; Gamble and Curtis 2008; Whyte et al. 2008) . The orientation of isobars varies throughout the year according to the absolute and meridional gradient of SST in the Caribbean Sea and Gulf of Mexico. In boreal winter, the Azores high is zonally oriented while the SST gradient is oriented southward. SSTs remain below 27 °C around Haiti (Fig. 5) . From April to May, a westward zonal SST gradient appears between warmer eastern Pacific and colder Caribbean Sea (Fig. 5) . The isobars tend to veer toward a NW-SE orientation over the Caribbean Sea and Gulf of Mexico in relation to the decrease of the SLP over Mexico and SW U.S. (Fig. 5) . A major change appears in June/July, with a northward SST gradient toward warmest water over Gulf of Mexico (Fig. 5) . In that season, lower/ higher SLP over Caribbean Sea/Gulf of Mexico are associated with colder/warmer SST. The SSTs slowly cool down in boreal autumn, while remaining above 28 °C near Haiti till November (Fig. 5 ).
Interannual variability of yearly amounts
We first considered annual rainfall as the most comprehensive time scale including both rainy seasons. An empirical orthogonal function (EOF) is computed to extract the leading component, which is a data-adaptative weighted mean of the whole network (Richman 1986 ). The eigenvalues and eigenvectors are computed from the 1922-1968 period only, considering the correlations between available years of all rain gauges pairs. The corresponding principal components (PCs) are computed by projecting the 1905-2005 anomalies (computed relative to the mean and standard deviation of the 1922-1968 period) onto these eigenvectors. Missing entries are set to zero and PC#1 is weighted by the amount of available stations to avoid inflation of variance due to sampling issue. The loadings (i.e. correlations between PC and the raw anomalies), PC and continuous (Morlet) wavelet transform of the leading eigenvector are shown in Fig. 6 . The leading EOF explains <20 % of variance. This relatively small amount of variance could be attributed to Haiti's complex features and warm surrounding waters that can multiply and fragment the scales of convection. The loadings are almost homogeneous across the whole country (Fig. 6a) . The corresponding PC#1 (Fig. 6b) shows some multi-decadal variance, with wet anomalies in the 1900s, 30s, early 40s, and 60s, and dry anomalies in the 1910s, 20s, and almost every year between 1967 and 2002 (except 1978-1979, 1981, 1984, 1994, 1996, 1999) . The last three decades were especially dry with multi-year droughts between 1975-1977 and 1985-1993. The marked negative trend from the 1960s onward has been observed at larger scale for both early and late Caribbean rainfall seasons (Peterson et al. 2002; Taylor et al. 2002) . The wavelet analysis (Grinsted et al. 2004) suggests that the multi-decadal variance is significant (Fig. 6c) . There are also intermittent peaks lasting 3 years in the 1930s, 60s, and at the end of the period. A band of relatively high variance exists for a 7-9 year period, similar to the ~8-year cycle found at larger scales across the Eastern Caribbean (Jury 2009b; Jury and Gouirand 2011) , but this quasi-cycle never reaches the 95 % significance level in Haiti (Fig. 6c) . In summary, variations of annual rainfall in Haiti combine irregular multi-decadal variability with insignificant quasiperiodic variations, usually for 3 or 7-9 years.
The relatively weak spatial coherence revealed by the first eigenvector (Fig. 6b) , and the absence of clear periodic variations in annual amounts (Fig. 6c) , could be due to the mixing of nearly-independent intra-annual variations. If so, the annual average does not necessarily reduce the signalto-noise ratio if we assume that this signal may be persistent for 1 year. EOF analyses of monthly standardized anomalies computed in the same way (not shown) revealed that the leading EOF explains only between 7 % (July) and 13-14 % (March and November) of the total variance.
Another illustration of the large intra-annual variance and weak spatial coherence of monthly amounts is provided by the standardized monthly local-scale anomalies during the wettest and driest years (not shown). There is no obvious unique intra-annual pattern associated with a given annual (positive or negative) anomaly, even for a reduced set of extreme years (not shown). In other words, we cannot associate anomalous dry or wet years with a specific intra-annual scenario when anomalies occur in a systematic (polarity and phase) way.
Interannual variability of monthly amounts
We decided to analyze the interannual variability on the monthly time scale. We initially performed our analysis using 3-month average, but found that this approach gave more weight to the wettest month in the 3-month windows while hiding interesting signals during transition months (e.g. March-April and November-December). Monthly amounts contained a large amount of noise plus a large and variable proportion of missing entries. Therefore, an EOF was used as an objective space-time filter for localscale noise and incomplete data. Instead of considering independent EOF on each month, we performed a single EOF of the whole year. First, the correlation matrix is computed from the 1922-1968 period time series of standardized monthly amounts, after having square-rooted the raw amounts to reduce the skewness of monthly rainfall. The eigenvalue spectrum is compared with the one obtained with a red-noise time series having the same 1st-order autocorrelation as the observed time series. This is repeated 100 times. The five leading EOF, explaining 25, 7.3, 4.8, 3.7 and 3 % of the total variance, respectively, are above the 1 3 99 % confidence level. The square-rooted monthly rainfall values are standardized using the mean and standard deviation for the 1922-1968 period. Missing entries are filled by zeroes. The standardized anomalies are projected onto the five leading eigenvectors and the corresponding PCs are scaled to take into account the proportion of missing entries. The five leading eigenvector and PCs could be multiplied to get local-scale anomalies accounted for by these five modes. These time series should be viewed as a filtered version of the noisier true variations. The common variance (Rowell 1998 ) among the 78 EOF-reconstructed time series equals 86.7 %, suggesting that despite a considerable amount of local-scale noise, all Haitian rain gauges share a common interannual signal, which could be reasonably estimated with the spatial average of the EOF-reconstructed variations.
This average (hereafter referred to as Haitian Rainfall or HR) exhibits a complex power spectrum (Fig. 7a) with a lot of significant peaks below the annual cycle, but also near 26-27, 36-38, 90-95 and ~1,000 months, consistent with the periods found for the annual amounts (Fig. 6c) . The 1-month persistence is usually low with a larger inertia between February and March and from June to August (Fig. 7b) . HR is used to construct composites of SLP, zonal (u) and meridional (v) wind at 950 hPa (Fig. 8) and SST (Fig. 9) at monthly time scale. Wind and SST are standardized to a zero mean and unit variance at monthly time scale, and averaged for the upper (wet), middle (normal) and lower (dry) terciles of HR. The local-scale significance is estimated using Monte Carlo permutations of years in the HR time series. The atmospheric anomalies related to the wet tercile (right column, Fig. 8 ) are usually the reverse of those in the dry tercile (left column, Fig. 8) , even if the locations of the highest anomalies do not necessarily match. The area showing significant anomalies during the normal tercile is reduced. Overall, it suggests that the relationship between HR and regional-scale atmospheric anomalies is mostly linear.
A pattern is visible between December and February with strongest anomalies in January (Fig. 8) . The dry (or wet) tercile is associated with an anomalous ridge (or trough) just east of Haiti and combined with an anticyclonic (or cyclonic) anomaly. Overall, it suggests a strengthening (or weakening) of the western edge of the Azores high (Fig. 8) . This pattern abruptly vanishes between February and March. In March, the dry (or wet) tercile is also tied to a large-scale weakening (or strengthening) of the Azores high, as well as an anticyclonic (or cyclonic) anomaly from Eastern Caribbean to Guyana (third row, Fig. 8 ). This pattern slightly evolves in April, especially for the wet tercile. The cyclonic anomaly over Haiti may be viewed as a precursor of the summertime pattern and is similar to what is observed in November (Fig. 8) .
The summertime pattern clearly emerges in May and is observed until September with the largest anomalies in August. From June onward, the SLP anomalies over the North Atlantic are part of a zonal dipole with Eastern Pacific and Central America (i.e. negative SLP anomalies in the dry tercile), but is not observed in May. Nevertheless, in October, and especially in November, a closed cyclonic anomaly is clear just NE of Haiti for the wet tercile, while a strong anticyclonic anomaly covers the area from Central America to Florida. Such pattern suggests the possible influence of a tropical depression traveling NE of Haiti.
The same composites have been done with SST ( Fig. 9) , although linearity between the wet and dry terciles is not as obvious as for atmospheric anomalies. Normal years could be also associated with significant SST anomalies (SSTA) over the east Pacific, as in January, July or August, suggesting some non-linearity between SST and Haitian rainfall. The relationships within the eastern Pacific are usually unstable between consecutive months, except in summer (June to September), when the dry tercile is clearly associated with warm ENSO events (Fig. 9 , sixth to eighth row). The wet tercile is then associated with cold SSTA in the eastern Pacific, with the highest SSTA located north of the core ENSO region. The overall summertime relationship is reversed in January when a cold (or warm) SSTA associated with the dry (or wet) tercile is larger and north of the ENSO region (Fig. 9 ). This SSTA pattern almost completely reverses in March (Fig. 9, third row) , then again in May (Fig. 9 , fifth row) with the cold (or warm) SSTA south of 15°-17°N associated with the dry (or wet) tercile. This pattern tends to vanish in July for the dry tercile, but reappears in August (Fig. 9) . The North Atlantic SSTA tends to weaken for both terciles from September to November, but strengthens again in December.
The atmospheric and oceanic composites have again been computed after removing the variability slower than 8 years. It does not change the patterns; it just modifies the intensity and significance of several patches (not shown). relationships between Haitian rainfall and atmospheric variations. We thus performed a stepwise regression at monthly time scale to specify Haitian rainfall from a set of atmospheric predictors (the wind speed [ws] at the 950 hPa winds, SLP, and SST) measured in 3 key areas: the Caribbean Low Level Jet (CAR) at 63°W-85°W, 9°N-19°N; the Tropical North Atlantic (TNA) on the southern edge of the Azores high at 19°W-61°W, 5°N-21°N; and over the Gulf of Mexico (GMEX) at 79°W-95°W, 19°N-31°N . We also factored in the Eastern Pacific (EPAC) SST at 89°W-141°W, 1°S-17°N. Therefore we had 10 possible predictors (i.e. 3 areas × 3 variables + EPAC_sst) to enter in a stepwise regression. The regression model is performed independently for each month on unfiltered anomalies, low-pass filtered values and high-pass residuals on each side of 8 years. Stepwise regression performed on unfiltered anomalies (Fig. 10, left column) shows that atmospheric predictors are more frequently chosen than SST. The CAR wind speed is frequently selected as the first or second predictor (except in February and September) and associates the weakening (or strengthening) of the wind speed with wet (or dry) anomalies over Haiti (Fig. 8) . The other key predictors are TNA_ws and SLP indices (Fig. 10 ). Positive SLP anomalies over GMEX are associated with positive Haitian rainfall anomalies between January and April and in November (Fig. 10) , suggesting the role of a Rossby wave associating an anomalous ridge over the Gulf of Mexico and an anomalous trough downstream, on the western edge of Azores high (Fig. 8) . EPAC_sst is selected as a predictor in June and September with cold (or warm) anomalies associated with wet (or dry) anomalies over Haiti (Fig. 10) . This is usually reversed in boreal winter but the coefficient does not reach significant level (except in November).
When low-frequency (<1/8 cycle-per-year) variations are considered (Fig. 10, middle column) , the selected predictors widely vary between consecutive months. Note that EPAC_sst is positively related to Haitian rainfall in November and from January to April, and negatively related in June-July, September and December (Fig. 10) .
When high-frequency (>1/8 cycle-per-year) variations are considered (Fig. 10, right column) , CAR_ws usually appears as the first or second predictor (except from February to April). Moreover, CAR_ws is the sole significant predictor from May to October (plus EPAC_sst in June, GMEX_sst in May and TNA_ws in September). SLP indices, especially GMEX with a positive coefficient, may also appear as significant predictors from November to April (Fig. 10) .
A final analysis has been performed to look at oceanatmosphere interaction through the synchronous and 1-month lag correlations between SST and wind speed at 950 hPa at each grid-point. In winter, the strongest correlations are observed over most of the tropical North Atlantic when SST follows wind speed (i.e. increased wind speed cools down SST through the increase of latent and sensible heat from the sea) and they peak just E of the Caribbean basin (r < −0.6 in February near 55°W and 15°N). Correlations are positive over most of the Gulf of Mexico, but as observed earlier, a stronger Azores high increases wind speeds on its edges, and thus increases the advection of warm air over the Gulf of Mexico, warming the SST (Fig. 11) . In winter, the overall picture is dominated by the intensity (and also the location) of Azores high.
The negative correlation between wind speed and SST decreases in April and strengthens again in May, but the positive correlations disappear in the Gulf of Mexico. Negative correlation increases south of the Caribbean basin, with a peak just north of South America in May (Fig. 11,  fifth row) . The correlations are higher for synchronous time and when SST leads wind speed. It suggests a positive feedback with cold SSTA south of Caribbean sea, leading to increased CLLJ through thermodynamic adjustment: cold SSTA increases the northward thermal gradient, thus increasing the CLLJ, which cools down the sea by increasing heat fluxes. The feedback from SST to wind speed disappears in October (Fig. 11, tenth row) , when the climatological thermal northward gradient vanishes (Fig. 5) . This wintertime pattern becomes progressively established from November (Fig. 11, eleventh row) . This annual modulation is even clearer when high-pass filtered variations <8 years are analyzed (not shown).
Discussion and conclusions
We started this study with a careful concatenation of rain gauges from three different databases over Haiti over a 101-year period from 1905 to 2005. Although the gridded data sets, based on rain gauges alone, blended with satellite estimates and/or reanalysed precipitation, are available and widely used, this analysis is very important for at least two reasons. First, the impacts associated with rainfall are not necessarily captured by a regular grid of 2.5° or even 1° of resolution, especially for rugged tropical islands surrounded by warm waters. In that context, Jury (2009a) indicated that the "rain-shadow west of Hispaniola," including most of Haiti, is poorly handled by most current gridded products merging conventional stations and satellite estimates. Second, the satellites should always be calibrated with validated surface records. Similarly, the maintenance and preservation of such records is critical for any climatological analysis and impact studies, and we strongly hope that Haiti will continue to feed these datasets.
We found that climatological mean, annual, and monthly rainfall in Haiti (Figs. 2, 3, 4) is a complex function of fixed -141°W, 1°S-17°N ). For EPAC, only SST index is computed. The regression model is performed on unfiltered anomalies (left column), low-pass (LF) filtered anomalies >8 years (middle column) and high-pass (HF) residuals (e.g. difference between unfiltered anomalies and low-pass filtered data on right column). The value on the right lower corner of each panel is the explained variance of HR by the significant predictors. The bar is filled with the color corresponding to each predictor when it enters the regression model at the 95 % level (99 % level for low-pass filtered variance) factors including the topography and shape of the country, as well as the annual cycle of regional-scale oceanic and atmospheric factors. The atmosphere is dominated here by the permanent Azores high, which induces permanent easterlies across the Caribbean islands. Their curvature changes over the Caribbean Sea and the Gulf of Mexico due to the development of low pressure associated with the so-called North American monsoon (Adams and Comrie 1997) from Central America, Mexico and SW U.S. in boreal summer. The SST also shows a large annual variation due to Fig. 11 Local-scale correlations (i.e. on each grid point) between monthly SST (from ERSST dataset Kaplan et al. 1998 ) and 950 hPa wind speed (from twentieth century reanalyses, Compo et al. 2011) . Blue (or red) lines indicate negative (or positive) correlations with the black line indicating zero correlation (interval = 0.1) and dark (or light) shading indicating significant negative (or positive) correlations at the 95 % level according to a random phase test (Janicot et al. 1996) . The first column is for SST leading wind speed by 1 month; the second column, for the SST synchronous with wind speed; and the third column, for wind speed leading SST by 1 month
(1) the existence of a zonal gradient between warmer Eastern Pacific and colder Caribbean Sea in boreal spring (i.e. April-May) and to (2) the meridional migration of the warmest waters in the Atlantic warm pool (Fig. 5) . The thermal gradient is oriented southward in the Caribbean Sea and Gulf of Mexico from October to May. Coastal upwelling along the northern coast of South America flattens the annual cycle in the Caribbean Sea and reverses the thermal meridional gradient in boreal summer (Fig. 5) . The annual rainfall cycle in Haiti reflects these broad-scale changes superimposed on a general pattern with more rainfall (>2 m annually) on north-and east-facing slopes (e.g. clusters 3 and 4 in Fig. 4 ) and less rainfall (e.g. cluster 1 in Fig. 4 with an annual minimum of approx. 500 mm) on the flat northern peninsula and rain-shadowed coasts/valleys in the western and southern part of the country. The smallscale pattern is even more complicated on the southern peninsula, probably due to converging vigorous mountain breezes. The first peak of rainfall in April-June is related to SST warming (with temperatures rising above 27 °C around May), and to the tendency of the low level winds to progressively veer from ENE in boreal winter to ESE in late boreal spring. In July, rainfall decreases across the Caribbean basin and Central America (Magana et al. 1999; Gamble and Curtis 2008) . This minimum is associated with the westward extent of the southern edge of Azores high, which is combined with a strong warming of the Gulf of Mexico (Fig. 5) . The second peak in September-October (till November-December in NE Haiti) is related to the lowest SLP and an eastward retreat of the Azores high, with SST still >28 °C.
The leading EOF of annual and monthly rainfall usually explains a low amount of variance and how two close rain gauges may not share a high covariance. This weak spatial coherence should be related to multi-scale factors such as the topography, warm waters (>27 °C) from May to December, and small-scale sea and mountain breezes. All these factors may fragment the scales of rainfall variations. Such fragmentation has been observed for other tropical islands such as Java, Indonesia during the core of the rainy season (Qian et al. 2010 ) and we could hypothesize that interannual variability would be simpler on flatter islands. A part of the noise, previously thought to be independent variations amongst the rain gauges, may also be due to errors in the rainfall dataset, even if we tried to minimize this source of bias.
Moreover, our analyses show that it is important to define genuine seasons by increasing the common interannual variance across a set of months. In the Caribbean basin, the tendency is to split the rainfall season into early (May-July) and late (August-October) periods (i.e. Taylor et al. 2002; Chen and Taylor 2002; Ashby et al. 2005; Stephenson et al. 2008 ). This approach may be misleading when consecutive months that do not share the same forcings are clustered into a given season. This method of clustering also gives more weight to the wettest months during the transition seasons. The most obvious wet season grouping in Haiti would be from June (or even May) to September, but it is less clear for the remaining months. If we consider the similarity of atmospheric composites of the lower and upper terciles of Haitian rainfall between consecutive months (Fig. 8) , December-February, March-April and October-November-may be a valuable clustering. The monthly time resolution is not bias-free because its length is subjective and could split artificially transient modes of variation (such as Madden-Julian Oscillations). We recommend carefully analyzing the monthly time scale to determine the most appropriate clustering.
The amount of country-average variance in rainfall related to large-scale climatic modes varies across the year. The most important driver of Haitian rainfall is the low-level zonal component of the wind over the Caribbean Sea, though less so in April/May. The westerly (or easterly) anomaly that decreases (or increases) the low-level jet is associated with a wetter (or drier) anomaly in Haiti. Conversely, the interannual variance of monthly rainfall related to SST is relatively low, particularly the non-dominant synchronous effects of the Eastern Pacific. This is consistent with the results of Malmgren et al. (1998) , who found no evidence of a relationship between precipitation patterns in Puerto Rico and ENSO. The relationships between rainfall and ENSO could be stronger elsewhere in the Caribbean basin (Rogers 1988; Giannini et al. 2000 Giannini et al. , 2001 Taylor et al. 2002) , such as upon the Leeward islands north of South America .
Our results suggest that the intensity of the zonal wind over the Caribbean Sea across the annual cycle could be modulated by three different mechanisms (Figs. 8, 9, 10, 11) . In winter (approximately December to February) a westerly (or easterly) anomaly over the Caribbean Sea is related to an anomalous trough (or ridge) on the southwest of the Azores high (Wang 2007) . During this season, the ocean-atmosphere coupling over the tropical North Atlantic is mostly led by atmosphere (Fig. 11) and the intensity/ location of the Azores would then be the key driver of the rainfall variations in Haiti.
In boreal summer (approximately May to September), additional mechanisms modulating the zonal low-level winds across the Caribbean are two interrelated phenomena (Figs. 8, 9 ): (1) the zonal pressure gradient between the Eastern Pacific and Caribbean basin (Taylor et al. 2011; Gouirand et al. 2014) and (2) the positive local oceanatmosphere coupling in the Caribbean Sea in which the northward thermal gradient is reinforced through relative SST cooling along the northern coast of South America, which could be promoted by increased easterlies (Wang et al. 2006; Wang 2007) . These stronger-than-usual lowlevel easterlies increase the subsidence over the Caribbean basin, and advect moisture toward Central America and Eastern Pacific, fueling deep convection there. This increased convection lowers the surface pressure, providing another positive feedback cycle by increasing the eastward SLP gradient between the Caribbean basin and Eastern Pacific (Taylor et al. 2011 ). Decreased cloud cover over the Caribbean basin would create a negative feedback by enhancing incoming solar radiation at the surface. As a transition month, the atmospheric composites for May show that the increased/decreased easterlies lead to the strengthening of the zonal SLP gradient between Caribbean Sea and Eastern Pacific that begins in June (Fig. 8) . This pattern peaks in August and diminishes in September (Fig. 8) , partly due to the climatological southward movement of the warmest Atlantic waters. This tends to progressively flatten the meridional thermal gradient and dampens the feedback from SST to atmosphere in the southern part of the Caribbean Sea.
The boreal autumn (especially in November, but sometimes as early as September) offers a last typical behavior. In this season, the westerly (or easterly) anomaly over the Caribbean Sea is related to an almost closed cyclonic (or anticyclonic) anomaly ENE of Haiti (Fig. 8) . The oceanatmosphere coupling is weak (Fig. 11) and the summertime feedback of SST on low-level winds has disappeared over the Caribbean Sea, while the atmospheric forcing on SST increases in Northern Tropical Atlantic. The synchronous teleconnections between Haitian rainfall and SST are also very weak (Fig. 9) . We could hypothesize then that the key factors are the intensity and/or track and/or speed of organized tropical depressions, including cyclones, at the southern and southwestern edges of the Azores high. It does not imply that tropical depressions are restricted to these months, but it suggests that the weakening of other, possibly larger, processes emphasizes its specific fingerprint.
Boreal spring (roughly from March to May) transitions sharply from winter to summer patterns and is the season where Haitian rainfall is less related to the speed of the low-level zonal component of the wind in the Caribbean Sea (Figs. 8, 10 ). Contrary to during winter, rainfall patterns seem more related to the overall intensity of Azores high than the trough/ridge on its western edge, but this tendency diminishes in April.
With regard to rainfall prediction on seasonal to interannual timescales, two aspects highlighted by this work seem relevant beyond the grouping of consecutive months into genuine seasons (see above). First, there is a large amount of noise (as independent variations among a set of stations) below the typical scale currently considered by seasonal predictions (Barnston et al. 2010 ). This mismatch must be kept in mind when adaptation and/or mitigation strategies are considered as a potential output of seasonal predictions. There are multiple ways to deal with this gap, including the use of dynamical or statistical downscaling, but the amount of predictable signals would remain weak at local-scale. Second, the synchronous relationships between Haitian rainfall and SST (Fig. 9) are weak, overall. Even if these relationships are relatively stronger in boreal summer and January (Fig. 9) , it suggests poor potential predictability of seasonal rainfall anomalies from SST. However, we did not consider lagged relationships, which could add a significant amount of potential predictability as the delayed warming of tropical North Atlantic in spring following warm ENSO events. The use of monthly time scales could also weaken the relationship between Haitian rainfall and SST; the potential predictability of the summer (i.e. June-September) anomaly of the zonal SLP gradient between Caribbean and Eastern Pacific warrants a deeper and more focused study, at least from the N-S SST gradient in the western Tropical Atlantic in April-May (Fig. 9) . In summary, more research is needed to advance our capability to produce useful seasonal forecasts for a relatively small tropical island with a very rich spectrum of spatio-temporal variations.
